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The torsional properties of spider dragline silks from Nephila edulis and Nephila pilipes spiders are investigated by a torsion pendulum technique. A permanent torsional deformation is observed after even small torsional strain. This behaviour is quite different from the other materials tested here, i.e. carbon fiber, thin metallic wires, Kevlar fiber and human hair. The spider dragline thus displays a strong energy dissipation upon the initial excitation (around 75% for small strains, and more for a larger strain), which correspondingly reduces the amplitude of subsequent oscillations around the new equilibrium position. The variation of torsional stiffness in relaxation dynamics of spider dragline for different excitations is also determined. The experimental result is interpreted in the light of the hierarchical structure of dragline silk.
PACS numbers: 78.20.Hp, 78.40.Me, 87.10.+e, 87.15.v

Spider dragline silk, optimized by millions of years of evolution  ADDIN EN.CITE ,, has attracted tremendous attention due to its remarkable mechanical properties, including high strength and great extensibility  ADDIN EN.CITE ,, supercontraction  ADDIN EN.CITE 7-9, and exceptional thermal conductivity  HYPERLINK \l "_ENREF_10" \o "Huang, 2012 #2788"  ADDIN EN.CITE <EndNote><Cite><Author>Huang</Author><Year>2012</Year><RecNum>2788</RecNum><DisplayText><style face="superscript">10</style></DisplayText><record><rec-number>2788</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2788</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Huang, Xiaopeng</author><author>Liu, Guoqing</author><author>Wang, Xinwei</author></authors></contributors><titles><title>New secrets of spider silk: exceptionally high thermal conductivity and its abnormal change under stretching</title><secondary-title>Advanced Materials</secondary-title></titles><periodical><full-title>Advanced Materials</full-title><abbr-1>Adv Mater</abbr-1><abbr-2>Adv. Mater.</abbr-2></periodical><pages>1482-1486</pages><volume>24</volume><number>11</number><dates><year>2012</year></dates><isbn>1521-4095</isbn><urls></urls></record></Cite></EndNote>10. To date, much research has focused on its outstanding tensile properties  ADDIN EN.CITE ,,,, while much less is known about its marvellous torsional properties. Yet a spider suspended from it looks quite steady, rather than spinning randomly or uncontrollably. Recently, several torsional characteristics of spider dragline silk have been observed, for instance the shear modulus (～2.3GPa)  HYPERLINK \l "_ENREF_14" \o "Ko, 2004 #2774"  ADDIN EN.CITE <EndNote><Cite><Author>Ko</Author><Year>2004</Year><RecNum>2774</RecNum><DisplayText><style face="superscript">13</style></DisplayText><record><rec-number>2774</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2774</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ko, Frank K</author><author>Jovicic, Jovan</author></authors></contributors><titles><title>Modeling of mechanical properties and structural design of spider web</title><secondary-title>Biomacromolecules</secondary-title></titles><periodical><full-title>Biomacromolecules</full-title><abbr-1>Biomacromolecules</abbr-1><abbr-2>Biomacromolecules</abbr-2></periodical><pages>780-785</pages><volume>5</volume><number>3</number><dates><year>2004</year></dates><isbn>1525-7797</isbn><urls></urls></record></Cite></EndNote>13, a “shape-memory” effect (i.e., the ability to recover the original position without any external stimulus) ,, and a torsional superelasticity (i.e., the ability to absorb great torsion strain before failure)  HYPERLINK \l "_ENREF_17" \o "Kumar, 2013 #2740"  ADDIN EN.CITE <EndNote><Cite><Author>Kumar</Author><Year>2013</Year><RecNum>2740</RecNum><DisplayText><style face="superscript">16</style></DisplayText><record><rec-number>2740</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2740</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Kumar, Bhupesh</author><author>Thakur, Ashish</author><author>Panda, Biswajit</author><author>Singh, Kamal P</author></authors></contributors><titles><title>Optically probing torsional superelasticity in spider silks</title><secondary-title>Applied Physics Letters</secondary-title></titles><periodical><full-title>Applied Physics Letters</full-title><abbr-1>Appl Phys Lett</abbr-1><abbr-2>Appl. Phys. Lett.</abbr-2></periodical><pages>201910</pages><volume>103</volume><number>20</number><dates><year>2013</year></dates><isbn>0003-6951</isbn><urls></urls></record></Cite></EndNote>16. The shear modulus is also a required parameter for understanding the mechanical properties of β-sheet crystals in silk  HYPERLINK \l "_ENREF_18" \o "Keten, 2010 #2793"  ADDIN EN.CITE <EndNote><Cite><Author>Keten</Author><Year>2010</Year><RecNum>2793</RecNum><DisplayText><style face="superscript">17</style></DisplayText><record><rec-number>2793</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2793</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Keten, Sinan</author><author>Xu, Zhiping</author><author>Ihle, Britni</author><author>Buehler, Markus J</author></authors></contributors><titles><title>Nanoconfinement controls stiffness, strength and mechanical toughness of [beta]-sheet crystals in silk</title><secondary-title>Nature Materials</secondary-title></titles><periodical><full-title>Nature Materials</full-title><abbr-1>Nat Mater</abbr-1><abbr-2>Nat. Mater.</abbr-2></periodical><pages>359-367</pages><volume>9</volume><number>4</number><dates><year>2010</year></dates><isbn>1476-1122</isbn><urls></urls></record></Cite></EndNote>17. The understanding of the response of spider silk to torsional deformation and the structure-property relationship is important for the applications of silk such as packed violin strings  HYPERLINK \l "_ENREF_19" \o "Osaki, 2012 #2812"  ADDIN EN.CITE <EndNote><Cite><Author>Osaki</Author><Year>2012</Year><RecNum>2812</RecNum><DisplayText><style face="superscript">18</style></DisplayText><record><rec-number>2812</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2812</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Osaki, Shigeyoshi</author></authors></contributors><titles><title>Spider silk violin strings with a unique packing structure generate a soft and profound timbre</title><secondary-title>Physical Review Letters</secondary-title></titles><periodical><full-title>Physical Review Letters</full-title><abbr-1>Phys Rev Lett</abbr-1><abbr-2>Phys. Rev. Lett.</abbr-2></periodical><pages>154301</pages><volume>108</volume><number>15</number><dates><year>2012</year></dates><urls></urls></record></Cite></EndNote>18, hanging ladders for helicopters and parachute cords.
For two centuries, the torsion pendulum or balance has been considered as one of the most precise tools to measure weak forces since the landmark work by C. A. Coulomb  HYPERLINK \l "_ENREF_20" \o "Coulomb, 1784 #3069"  ADDIN EN.CITE <EndNote><Cite><Author>Coulomb</Author><Year>1784</Year><RecNum>3069</RecNum><DisplayText><style face="superscript">19</style></DisplayText><record><rec-number>3069</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">3069</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Coulomb, Charles Augustin</author></authors></contributors><titles><title>Memoires de l&apos;Academie Royale des Sciences</title></titles><section>229-236</section><dates><year>1784</year></dates><pub-location>Paris</pub-location><publisher>Academie royale des sciences</publisher><urls></urls></record></Cite></EndNote>19 and H. Cavendish  HYPERLINK \l "_ENREF_21" \o "Cavendish, 1798 #2820"  ADDIN EN.CITE <EndNote><Cite><Author>Cavendish</Author><Year>1798</Year><RecNum>2820</RecNum><DisplayText><style face="superscript">20</style></DisplayText><record><rec-number>2820</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2820</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Cavendish, Henry</author></authors></contributors><titles><title>Experiments to Determine the Density of the Earth</title><secondary-title>Philosophical Transactions of the Royal Society of London</secondary-title></titles><periodical><full-title>Philosophical Transactions of the Royal Society of London</full-title></periodical><pages>469-526</pages><volume>88</volume><dates><year>1798</year></dates><isbn>0261-0523</isbn><urls></urls></record></Cite></EndNote>20. Today the torsion balance or pendulum is still one of the most sensitive tools for measuring the torsional properties of individual fibers  ADDIN EN.CITE ,,,. In this study we use an improved torsion pendulum based on image processing HYPERLINK \l "_ENREF_24" \o "Yu, 2016 #2141"  ADDIN EN.CITE <EndNote><Cite><Author>Yu</Author><Year>2016</Year><RecNum>2141</RecNum><DisplayText><style face="superscript">22</style></DisplayText><record><rec-number>2141</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2141</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Longteng Yu</author><author>Dabiao Liu</author><author>Kai Peng</author><author>Yuming He</author></authors></contributors><titles><title>An improved torsion pendulum based on image processing for single fibers</title><secondary-title>Measurement Science and Technology</secondary-title></titles><periodical><full-title>Measurement Science and Technology</full-title><abbr-1>Meas Sci Technol</abbr-1><abbr-2>Meas. Sci. Technol.</abbr-2></periodical><pages>075601</pages><volume>27</volume><number>7</number><dates><year>2016</year></dates><isbn>0957-0233</isbn><urls></urls></record></Cite></EndNote>22 (see Fig.1 (a)) to explore the torsional relaxation dynamics of the dragline silks from two orb-weaver species: Nephila edulis (N. edulis) and Nephila pilipes (N. pilipes) spiders, and other types of fibers (e.g. metallic wires, carbon fiber, and human hair). We find that the dragline silk is unique in the way it dissipates initial potential energy and so reduces the amplitude of torsional oscillation of an excited spider. Here, the pendulum bob was a ring made of two bonded washers, to mimic the spider. To minimize the influence of air currents, the pendulum was enclosed within a cylindrical beaker. Initial twists were applied to the thread by rotating the turntable to given angular displacements. As for the dragline silk, after hanging, the pendulum was left hanging freely for at least two hours to equilibrate. The initial torsion was then established by the drag from the motion of air induced by spinning the rotary blades. On stopping the rotary blades, the dynamical response was recorded by a video camera, fixed above the torsion pendulum, and connected to a computer. An image-processing program determined the angular position of the bob every 0.04s. All tests were performed at room temperature (21±2℃) and at 50±5% relative humidity.


FIG. 1 (color online). Experimental apparatus and experimental results for synthetic threads. (a) Schematic of the torsion pendulum. (b) SEM images of specimens: (I) T300 PAN carbon fiber (7.04±0.02μm in diameter); (II) tungsten wire (30.53±0.10μm in diameter); (III) copper wire (18.19±0.14μm in diameter); (IV) and (V) individual draglines of N. edulis (2.81±0.04μm in diameter) and N. pilipes (4.71±0.15μm in diameter) spiders, respectively; (VI) double-strand dragline of N. pilipes spider. (c) Relaxation dynamics of a torsion pendulum for three different conventional threads. Red arrows indicate the end of the excitation and the start of the free oscillation. Red dotted lines indicate the new equilibrium positions. (I) Carbon fiber (bob of mass 0.0335g and moment of inertia 5.943×10-11 kg•m2; shear modulus of fiber 15.83±0.22 GPa). (II) Tungsten wire (bob 1.1885g, moment of inertia 1.475×10-8 kg•m2; shear modulus 132.16±9.97 GPa). (III) and (IV) Copper wire at different initial twists (bob 0.0372g and moment of inertia 2.90×10-10 kg•m2; shear modulus 49.20±0.19 GPa). The permanent twist due to plastic deformation in (IV) is 29.15°.
To establish the performance of the system, tests were first performed on standard materials, threads of carbon fiber (T300, PAN), and tungsten and copper wire (Fig.1(c)) and then on the dragline silks from N. edulis and N. pilipes spiders (Fig.2). The images on the morphology of these threads were obtained using scanning electron microscopy (SEM), as shown in Fig. 1(b). The spiders N. pilipes were purchased from Xishuangbanna Tropical Botanical Garden Chinese Academy of Sciences (Yunnan Province, China) and reared in several 50cm×50cm×70cm glass boxes, fed on moths and watered regularly. An adult female N. pilipes spider (around 1.123g) was anaesthetized with CO2 and then immobilized onto a soft platform. Dragline threads were identified under an optical microscope. After the spider woke up, we waited at least 20 min to rule out any residual effects of the anaesthetization on the properties of the dragline silks  HYPERLINK \l "_ENREF_25" \o "Madsen, 2000 #2808"  ADDIN EN.CITE <EndNote><Cite><Author>Madsen</Author><Year>2000</Year><RecNum>2808</RecNum><DisplayText><style face="superscript">23</style></DisplayText><record><rec-number>2808</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2808</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Madsen, B</author><author>Vollrath, F</author></authors></contributors><titles><title>Mechanics and morphology of silk drawn from anesthetized spiders</title><secondary-title>Naturwissenschaften</secondary-title></titles><periodical><full-title>Naturwissenschaften</full-title><abbr-1>Naturwissenschaften</abbr-1><abbr-2>Naturwissenschaften</abbr-2></periodical><pages>148-153</pages><volume>87</volume><number>3</number><dates><year>2000</year></dates><isbn>0028-1042</isbn><urls></urls></record></Cite><Cite><Author>Vollrath</Author><Year>2001</Year><RecNum>2809</RecNum><record><rec-number>2809</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2809</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Vollrath, Fritz</author><author>Madsen, Bo</author><author>Shao, Zhengzhong</author></authors></contributors><titles><title>The effect of spinning conditions on the mechanics of a spider&apos;s dragline silk</title><secondary-title>Proceedings Of The Royal Society Of London Series B-biological Sciences</secondary-title></titles><periodical><full-title>Proceedings Of The Royal Society Of London Series B-biological Sciences</full-title><abbr-1>Proc Roy Soc Lond B Bio</abbr-1><abbr-2>Proc. Roy. Soc. Lond. B. Bio</abbr-2></periodical><pages>2339-2346</pages><volume>268</volume><number>1483</number><dates><year>2001</year></dates><isbn>0962-8452</isbn><urls></urls></record></Cite></EndNote>23. Then the double-thread dragline silks were forcibly reeled at a controlled speed of 3.8 mm/s onto a bobbin under lab conditions (21 ± 2℃ and 50 ± 5% relative humidity). Segments of silks were transferred from the spool to sample-holders. The double-thread dragline silk was separated into two individual threads at its end using a needle under the microscope, and then was further isolated to required lengths. Segments of silk with visible defects were discarded. The dragline silk from N. edulis spider was provided by the Oxford silk group who used similar procedures  HYPERLINK \l "_ENREF_27" \o "Guan, 2012 #2937"  ADDIN EN.CITE <EndNote><Cite><Author>Guan</Author><Year>2012</Year><RecNum>2937</RecNum><DisplayText><style face="superscript">24</style></DisplayText><record><rec-number>2937</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2937</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Guan, Juan</author><author>Porter, David</author><author>Vollrath, Fritz</author></authors></contributors><titles><title>Silks cope with stress by tuning their mechanical properties under load</title><secondary-title>Polymer</secondary-title></titles><periodical><full-title>Polymer</full-title><abbr-1>Polymer</abbr-1><abbr-2>Polymer</abbr-2></periodical><pages>2717-2726</pages><volume>53</volume><number>13</number><dates><year>2012</year></dates><isbn>00323861</isbn><urls></urls><electronic-resource-num>10.1016/j.polymer.2012.04.017</electronic-resource-num></record></Cite></EndNote>24.
When a carbon fiber (length 75.0mm) is twisted from the equilibrium state and released, the bob oscillates around its original position (Fig. 1(c), panel I). This oscillation response is a typical under-damped free torsional oscillation. Estimates show that the damping is most likely due to air-resistance. For a fiber under an angular displacement , its surface shear strain is calculated as , where  is the radius and  is the gauge length of the fiber. The behaviour is fully elastic even for a large excitation strain (surface shear strain ～1.19×10-3). Similarly, the tungsten wire (length 64.5mm), from an initial twist ～2.18×10-4 in strain), also oscillates around the original position (Fig. 1(c), panel II). Two tests were also performed on soft polycrystalline copper wire (length 94.5mm) (Fig. 1(c), panel III and IV). The bob was taken to initial twist angles corresponding to ～0.61×10-3 and～1.22×10-3 in strain, When the initial surface strain is within the elastic region (＜0.6×10-3)  HYPERLINK \l "_ENREF_24" \o "Yu, 2016 #2141"  ADDIN EN.CITE <EndNote><Cite><Author>Yu</Author><Year>2016</Year><RecNum>2141</RecNum><DisplayText><style face="superscript">22</style></DisplayText><record><rec-number>2141</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2141</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Longteng Yu</author><author>Dabiao Liu</author><author>Kai Peng</author><author>Yuming He</author></authors></contributors><titles><title>An improved torsion pendulum based on image processing for single fibers</title><secondary-title>Measurement Science and Technology</secondary-title></titles><periodical><full-title>Measurement Science and Technology</full-title><abbr-1>Meas Sci Technol</abbr-1><abbr-2>Meas. Sci. Technol.</abbr-2></periodical><pages>075601</pages><volume>27</volume><number>7</number><dates><year>2016</year></dates><isbn>0957-0233</isbn><urls></urls></record></Cite></EndNote>22, the pendulum oscillates around its original position, see panel III of Fig. 1(c); when the initial strain is beyond the elastic range, the wire oscillates around a new deformed equilibrium position, see panel IV of Fig. 1(c). Copper wire has a lower yield strength than carbon fiber or tungsten, so the irreversible twist is observed that is related to the plastic dissipation due to dislocations  HYPERLINK \l "_ENREF_28" \o "Hirth, 1982 #1610"  ADDIN EN.CITE <EndNote><Cite><Author>Hirth</Author><Year>1982</Year><RecNum>1610</RecNum><DisplayText><style face="superscript">25</style></DisplayText><record><rec-number>1610</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">1610</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Hirth, J.P.</author><author>Lothe, J.</author></authors><secondary-authors><author>2nd ed</author></secondary-authors></contributors><titles><title>Theory of Dislocations</title><secondary-title>John Wiley and Sons, Inc., 1982</secondary-title></titles><periodical><full-title>John Wiley and Sons, Inc., 1982</full-title></periodical><dates><year>1982</year></dates><pub-location>New York</pub-location><publisher>Wiley</publisher><urls></urls></record></Cite></EndNote>25. Additional experimental data for two types of polymer fibers, Kevlar fiber and human hair, are given in the supplementary material, Fig. S4). The torsional relaxation dynamics of these two polymer fibers is similar to that of carbon fiber, copper and tungsten wires in the elastic regime.
Fig.2 shows the torsional dynamics in spider dragline silks. The observed behavior is qualitatively different not only from carbon fiber and Kevlar fiber, protein fibers (e.g. human hair), and metallic wires (e.g. copper and tungsten wires) but also from the reported torsional “shape memory” ,. Different initial twist angles (see Fig. 2 and Fig. S2 in supplementary material) were used. When the oscillator was released, the torsion pendulum of spider dragline silks oscillates around a new deformed equilibrium position instead of its original position. This response is independent of the damping, which again is most likely due to air resistance, and occurs for all excitation twists. A similar behaviour has been observed in the tensile relaxation dynamics of spider dragline  HYPERLINK \l "_ENREF_29" \o "Du, 2011 #2884"  ADDIN EN.CITE <EndNote><Cite><Author>Du</Author><Year>2011</Year><RecNum>2884</RecNum><DisplayText><style face="superscript">26</style></DisplayText><record><rec-number>2884</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2884</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Du, Ning</author><author>Yang, Zhen</author><author>Liu, Xiang Yang</author><author>Li, Yang</author><author>Xu, Hong Yao</author></authors></contributors><titles><title>Structural Origin of the Strain-Hardening of Spider Silk</title><secondary-title>Advanced Functional Materials</secondary-title></titles><periodical><full-title>Advanced Functional Materials</full-title><abbr-1>Adv Funct Mater</abbr-1><abbr-2>Adv. Funct. Mater.</abbr-2></periodical><pages>772-778</pages><volume>21</volume><number>4</number><dates><year>2011</year></dates><isbn>1616301X</isbn><urls></urls><electronic-resource-num>10.1002/adfm.201001397</electronic-resource-num></record></Cite></EndNote>26. Rather than exhibiting the shape memory effect observed by Emile et al. ,, the dragline silk remains in the new equilibrium position even after a fairly long time (3000-10000s), i.e. the equilibrium position keeps stationary. Furthermore, the observed “step-like twist” response in the beginning indicates that the equilibrium shift is occurring during the initial excitation. These two phenomena have been observed in both single- and double-strand draglines of N. edulis and N. pilipes, indicating that they are intrinsic features of spider draglines.

FIG. 2 (color online). Torsional relaxation dynamics of single- and double-strand dragline silks of N. edulis and N. pilipes spiders. Red arrows indicate the end of the initial twist and the start of the free oscillation. The red dotted lines indicate the new equilibrium positions. Green double-headed arrows indicate the permanent twist deformations. (a) Single-strand dragline of N. edulis (bob 0.3869g, moment of inertia 3.05×10-9 kg•m2); (b) Double-strand dragline of N. edulis (bob 0.4131g, moment of inertia 3.30×10-9 kg•m2); (c) Single-strand dragline of N. pilipes (bob 0.5099g, moment of inertia 4.02×10-9 kg•m2); (d) Double-strand dragline of N. pilipes (bob 1.3914g, moment of inertia 1.60×10-8 kg•m2).
Notably, there does not appear to be any relaxation of this new equilibrium point over time periods of 3000 s, in contrast to Emile et al’s study,. They found that the double-strand dragline silks oscillated only slightly after being twisted, and in this way to recover their initial form gradually and completely. The results here are quite different although strong energy absorption is observed during the initial excitation in both studies. To explain the difference is challenging as there exist several disparities from experimental set-up to sample selection. One difference is from different kinds of spider draglines, which supposed to possess varied sequence and advanced molecular structures. Secondly, the duration and humidity (RH) of silk storage before experiments may also affect the results. In our experiments, the dragline silks were retrieved and stored under controlled room conditions (around 20℃ and 55% RH) and were tested within one month of collection, while Emile et al. stored the silk under condition of 40% RH. Beyond that, one may note that there could be an inaccuracy in Emile et al.’s experiment, i.e. the small rod in their pendulum is hard to keep in balance during testing  HYPERLINK \l "_ENREF_30" \o "Liu, 2014 #2396"  ADDIN EN.CITE <EndNote><Cite><Author>Liu</Author><Year>2014</Year><RecNum>2396</RecNum><DisplayText><style face="superscript">27</style></DisplayText><record><rec-number>2396</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2396</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Liu, Dabiao </author><author>He, Yuming </author><author>Hu, Peng </author><author>Gan, Zhipeng </author><author>Ding, Huaming </author></authors></contributors><titles><title>A modified torsion pendulum for measuring the shear modulus of single micro-sized filament</title><secondary-title>Acta Mechanica Solida Sinica</secondary-title></titles><periodical><full-title>Acta Mechanica Solida Sinica</full-title><abbr-1>Acta Mech Solida Sin</abbr-1><abbr-2>Acta Mech. Solida. Sin</abbr-2></periodical><pages>221-232</pages><volume>27</volume><number>3</number><section>221</section><dates><year>2014</year></dates><urls></urls></record></Cite><Cite><Author>Tsai</Author><Year>1999</Year><RecNum>304</RecNum><record><rec-number>304</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">304</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Tsai, C.L.</author><author>Daniel, I M</author></authors></contributors><titles><title>Determination of shear modulus of single fibers</title><secondary-title>Experimental mechanics</secondary-title></titles><periodical><full-title>Experimental Mechanics</full-title><abbr-1>Exp Mech</abbr-1><abbr-2>Exp. Mech.</abbr-2></periodical><pages>284-286</pages><volume>39</volume><number>4</number><dates><year>1999</year></dates><isbn>0014-4851</isbn><urls></urls></record></Cite></EndNote>27.
  

FIG. 3(color online). Torsional logarithm relaxation behavior of spider draglines. (a) The frequency versus the magnitude of the excitation for different dragline silk pendulums. (b) Recovery ratio of dragline silks subjected to torsional relaxation dynamics. The logarithmic amplitude-time dependence of (c) N. edulis, single thread; (d) N. edulis, double threads; (e) N. pilipes, single thread; and (f) N. pilipes, double threads. Here,  is the residual twist away from the original position. All the fitting curves were obtained by a least-squares approximation.
We find that the torsional oscillation frequency of spider draglines varies with the applied excitation, generally the larger the excitation the lower the frequency, as shown in Fig. 3(a). The variation of the frequency with the excitation suggests that the dragline silks possess a series of variable torsional stiffness (see Eq. (S1) in supplementary material, and Fig. 3(a)). This observation has been further verified by the shear stress-strain responses of N. clavipes spider draglines  HYPERLINK \l "_ENREF_14" \o "Ko, 2004 #2774"  ADDIN EN.CITE <EndNote><Cite><Author>Ko</Author><Year>2004</Year><RecNum>2774</RecNum><DisplayText><style face="superscript">13</style></DisplayText><record><rec-number>2774</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2774</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Ko, Frank K</author><author>Jovicic, Jovan</author></authors></contributors><titles><title>Modeling of mechanical properties and structural design of spider web</title><secondary-title>Biomacromolecules</secondary-title></titles><periodical><full-title>Biomacromolecules</full-title><abbr-1>Biomacromolecules</abbr-1><abbr-2>Biomacromolecules</abbr-2></periodical><pages>780-785</pages><volume>5</volume><number>3</number><dates><year>2004</year></dates><isbn>1525-7797</isbn><urls></urls></record></Cite></EndNote>13. This also agrees with Emile et al.’s proposal that spider dragline silk possesses different structural units HYPERLINK \l "_ENREF_16" \o "Emile, 2007 #2742"  ADDIN EN.CITE <EndNote><Cite><Author>Emile</Author><Year>2007</Year><RecNum>2742</RecNum><DisplayText><style face="superscript">15</style></DisplayText><record><rec-number>2742</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2742</key><key app="ENWeb" db-id="">0</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Emile, Olivier</author><author>Le Floch, Albert</author><author>Vollrath, F</author></authors></contributors><titles><title>Time-resolved torsional relaxation of spider draglines by an optical technique</title><secondary-title>Physical Review Letters</secondary-title></titles><periodical><full-title>Physical Review Letters</full-title><abbr-1>Phys Rev Lett</abbr-1><abbr-2>Phys. Rev. Lett.</abbr-2></periodical><pages>167402</pages><volume>98</volume><number>16</number><dates><year>2007</year></dates><urls></urls></record></Cite></EndNote>15. Interestingly, from Fig. 3(b), one can see that the proportion of recovery is around 50% for most cases in small excitation twists, whereas for a greater excitation twist the recovery ratio is much smaller (see also Fig. 2 and Table S1 in supplementary material). It indicates that the dragline silk displays a strong energy dissipation upon the initial excitation (around 75% relative to ideal elastic behavior) for small strains, and more for a larger strain). This reduces the amplitude of subsequent oscillations about the new equilibrium position.
The amplitude of the torsional oscillation of spider draglines decays exponentially, demonstrated by the linearity of the logarithm of the amplitude with time (Figs. 3(c)-(f), and Eq. (S2) in supplementary material). This exponential attenuation is similar to that of an under-damping oscillation caused by viscous damping. Most of these linear plots are parallel to each other for the same dragline silk, indicating that the amplitude decays at almost the same rate for the same “spider pendulum” despite different excitations. An exception in Fig. 3(f) with excitation 814.36°, may be due to a loose cohesion between the two strands. Hysteretic damping would be mainly caused by the internal friction of spider silk while the viscous damping is mainly due to air resistance on the pendulum bob. Investigation of the hysteretic damping would benefit from experiments in a vacuum to eliminate air resistance.

FIG. 4 (color online). Hierarchical structure of Nephila spider draglines and physical mechanisms for the torsional oscillation (Adapted from X. Huang, G. Liu, X. Wang, "New secrets of spider silk: exceptionally high thermal conductivity and its abnormal change under stretching," Adv. Mater. 24, 1482-1486 (2012).10 Copyright Wiley-VCH Verlag Gmbh & Co. KGaA. Reproduced with permission.). (a) Schematic of an orb-web built by a Nephila spider. (b) A skin-core structure for dragline silk, with numerous minute fibrils and covered by a hard skin. (c) Inside the fibrils, the crystalline β-sheets are connected by the amorphous chains to form a network. (d) The β-crystallite is composed of stacked (antiparallel) β-sheets with the peptide chains connected by the hydrogen bonds (H-bonds). (e) Under torsion, several of the intrachain H-bonds in the amorphous break up and the amorphous chains are extended, while the crystalline β-sheets are stretched and rotated in the amorphous matrix. (f) After torsional oscillation, the β-sheets recover to the original state, whereas the amorphous chains are unable to completely recover to the initial state due to the energy dissipation.
Explaining the observed torsional properties of spider dragline requires an understanding of its structures. Inspired by Huang et al.  HYPERLINK \l "_ENREF_10" \o "Huang, 2012 #2788"  ADDIN EN.CITE <EndNote><Cite><Author>Huang</Author><Year>2012</Year><RecNum>2788</RecNum><DisplayText><style face="superscript">10</style></DisplayText><record><rec-number>2788</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2788</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Huang, Xiaopeng</author><author>Liu, Guoqing</author><author>Wang, Xinwei</author></authors></contributors><titles><title>New secrets of spider silk: exceptionally high thermal conductivity and its abnormal change under stretching</title><secondary-title>Advanced Materials</secondary-title></titles><periodical><full-title>Advanced Materials</full-title><abbr-1>Adv Mater</abbr-1><abbr-2>Adv. Mater.</abbr-2></periodical><pages>1482-1486</pages><volume>24</volume><number>11</number><dates><year>2012</year></dates><isbn>1521-4095</isbn><urls></urls></record></Cite></EndNote>10, and Lefèvre and Auger  HYPERLINK \l "_ENREF_32" \o "Lefèvre, 2016 #3510"  ADDIN EN.CITE <EndNote><Cite><Author>Lefèvre</Author><Year>2016</Year><RecNum>3510</RecNum><DisplayText><style face="superscript">28</style></DisplayText><record><rec-number>3510</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">3510</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Lefèvre, Thierry</author><author>Auger, Michèle</author></authors></contributors><titles><title>Spider silk as a blueprint for greener materials: A review</title><secondary-title>International Materials Reviews</secondary-title></titles><periodical><full-title>International Materials Reviews</full-title><abbr-1>Int Mater Rev</abbr-1><abbr-2>Int. Mater. Rev.</abbr-2></periodical><pages>127-153</pages><volume>61</volume><number>2</number><dates><year>2016</year></dates><isbn>0950-6608</isbn><urls></urls></record></Cite></EndNote>28, we plot the multiscale hierarchical structure of spider dragline silk in Fig. 4. Previous investigations  ADDIN EN.CITE , reveal that the spider dragline has a skin-core organization with a bundle of nanofibrils, as shown in Fig. 4(b). Each nanofibril is a semicrystalline polymer comprising oriented and ordered nanocrystalline β-sheets with a high degree of internal hydrogen bonding and a less ordered amorphous structure (see Fig. 4(c))  ADDIN EN.CITE ,,,,. The amorphous polypeptide chains are joined by β-sheets “nodes” to form a molecular network  ADDIN EN.CITE ,,,. The antiparallel β-sheets (Fig. 4(d)) at the nanoscale consists of highly conserved poly-(Gly-Ala) and poly-Ala repeats that can be divided into small blocks  ADDIN EN.CITE ,. The hierarchical order of structures in silk results in mechanical energy dissipation in both microscopic canaliculi and nanostructures  HYPERLINK \l "_ENREF_41" \o "Porter, 2007 #2966"  ADDIN EN.CITE <EndNote><Cite><Author>Porter</Author><Year>2007</Year><RecNum>2966</RecNum><DisplayText><style face="superscript">34</style></DisplayText><record><rec-number>2966</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2966</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Porter, David</author><author>Vollrath, Fritz</author></authors></contributors><titles><title>Nanoscale toughness of spider silk</title><secondary-title>Nano Today</secondary-title></titles><periodical><full-title>Nano Today</full-title></periodical><pages>6</pages><volume>2</volume><number>3</number><dates><year>2007</year></dates><isbn>17480132</isbn><urls></urls><electronic-resource-num>10.1016/s1748-0132(07)70071-3</electronic-resource-num></record></Cite></EndNote>34. It seems clear that the combination of crystalline and non-crystalline domains enables the rapid dissipation of kinetic energy HYPERLINK \l "_ENREF_29" \o "Du, 2011 #2884"  ADDIN EN.CITE <EndNote><Cite><Author>Du</Author><Year>2011</Year><RecNum>2884</RecNum><DisplayText><style face="superscript">26</style></DisplayText><record><rec-number>2884</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2884</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Du, Ning</author><author>Yang, Zhen</author><author>Liu, Xiang Yang</author><author>Li, Yang</author><author>Xu, Hong Yao</author></authors></contributors><titles><title>Structural Origin of the Strain-Hardening of Spider Silk</title><secondary-title>Advanced Functional Materials</secondary-title></titles><periodical><full-title>Advanced Functional Materials</full-title><abbr-1>Adv Funct Mater</abbr-1><abbr-2>Adv. Funct. Mater.</abbr-2></periodical><pages>772-778</pages><volume>21</volume><number>4</number><dates><year>2011</year></dates><isbn>1616301X</isbn><urls></urls><electronic-resource-num>10.1002/adfm.201001397</electronic-resource-num></record></Cite></EndNote>26, resulting in the reduction of the oscillation amplitude and the equilibrium shift. What remains unexplained yet is why – or how - at small strains, the permanent deformation is always ~50% of the total deformation, yet subsequent deformation (oscillation) within this range is almost perfectly elastic.
Certainly, the mechanisms underlying the shift of equilibrium position differ between the ductile metals and the spider draglines. In the latter it is the motion of structural units in mainly the amorphous chains ADDIN EN.CITE ,,,, rather than the movement of dislocations HYPERLINK \l "_ENREF_28" \o "Hirth, 1982 #1610"  ADDIN EN.CITE <EndNote><Cite><Author>Hirth</Author><Year>1982</Year><RecNum>1610</RecNum><DisplayText><style face="superscript">25</style></DisplayText><record><rec-number>1610</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">1610</key></foreign-keys><ref-type name="Book">6</ref-type><contributors><authors><author>Hirth, J.P.</author><author>Lothe, J.</author></authors><secondary-authors><author>2nd ed</author></secondary-authors></contributors><titles><title>Theory of Dislocations</title><secondary-title>John Wiley and Sons, Inc., 1982</secondary-title></titles><periodical><full-title>John Wiley and Sons, Inc., 1982</full-title></periodical><dates><year>1982</year></dates><pub-location>New York</pub-location><publisher>Wiley</publisher><urls></urls></record></Cite></EndNote>25. The hierarchical structure of dragline silk can absorb a large amount of energy during torsion deformation. The amorphous chains are also linked through H-bonds despite of a disorganized fashion in the arrangement (Fig. 4(c)). The β-sheets nanocrystals produce local structural heterogeneity with organized hydrogen bonding of high modulus, leading to the greater stiffness of the overall material. We hypothesize that the crystals act as nodes to keep the permanent shape during torsion due to their high mechanical stiffness whereas the highly coiled or disordered amorphous phase provides the fiber with outstanding torsional extensibility. The deformation and movement of the molecular chains could absorb as well as dissipate a large fraction of the input energy on response to the initial excitation. However, during subsequent oscillation these deformed amorphous domains are locked up by dynamic intermolecular interactions (i.e. hydrogen bonding) so that no more energy dissipation occurs and the new equilibrium position is maintained. The remaining elastic energy is gradually dissipated by the internal friction of the silk structures (which is slight under these conditions) and the aerodynamic damping.
Figures 4(e) and (f) illustrate the above mechanism of spider silk under torsion excitation. We may use a uni-stress field to explain the structural changes in spider silk. Under twist, in order to accommodate the deformation, the amorphous chains extend, while the crystalline β-sheets undergo elastic stretch and twist (see Section 3 in Supplemental Material for further discussion). As the twist increases (e.g. the bottom panel of Fig. 2(a)), the disorganized H-bonds within the amorphous region disassociate, and the covalent bonds in protein backbones and organized H-bonds in β-sheets nodes are resistant to the torque. During these processes, energy dissipation occurs in various ways, i.e. the friction between nano-fibrils (Fig. 4(b)), the friction caused by the motions of crystalline β-sheets and amorphous matrix, and the disassociation of H-bonds in interphase and amorphous chains. Especially, the motions of amorphous chains are plastic-like deformation which is irreversible. Meanwhile, some energy is stored by processes, including the stretching of H-bonds, and the extension and twist of crystalline β-sheets. This type of deformation is considered to be elastic, and the corresponding energy is dissipated during the oscillation by silk internal friction and air-resistance.
This discussion to relate the molecular structure to torsional properties is speculative. But it does account for the observed phenomena qualitatively. It will be valuable to carry out more systematic studies of the static stress-strain response under torsion. Then molecular spectroscopic measurements, would be desirable, e.g. Raman microspectroscopy HYPERLINK \l "_ENREF_43" \o "Kumar, 2014 #2767"  ADDIN EN.CITE <EndNote><Cite><Author>Kumar</Author><Year>2014</Year><RecNum>2767</RecNum><DisplayText><style face="superscript">36</style></DisplayText><record><rec-number>2767</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">2767</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Kumar, Bhupesh</author><author>Singh, Kamal P</author></authors></contributors><titles><title>Fatigueless response of spider draglines in cyclic torsion facilitated by reversible molecular deformation</title><secondary-title>Applied Physics Letters</secondary-title></titles><periodical><full-title>Applied Physics Letters</full-title><abbr-1>Appl Phys Lett</abbr-1><abbr-2>Appl. Phys. Lett.</abbr-2></periodical><pages>213704</pages><volume>105</volume><number>21</number><dates><year>2014</year></dates><isbn>0003-6951</isbn><urls></urls></record></Cite></EndNote>36, X-ray crystallography HYPERLINK \l "_ENREF_44" \o "Riekel, 2001 #3176"  ADDIN EN.CITE <EndNote><Cite><Author>Riekel</Author><Year>2001</Year><RecNum>3176</RecNum><DisplayText><style face="superscript">37</style></DisplayText><record><rec-number>3176</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">3176</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Riekel, C</author><author>Vollrath, F</author></authors></contributors><titles><title>Spider silk fibre extrusion: combined wide-and small-angle X-ray microdiffraction experiments</title><secondary-title>International Journal Of Biological Macromolecules</secondary-title></titles><periodical><full-title>International Journal Of Biological Macromolecules</full-title><abbr-1>Int J Biol Macromol</abbr-1><abbr-2>Int. J. Biol. Macromol.</abbr-2></periodical><pages>203-210</pages><volume>29</volume><number>3</number><dates><year>2001</year></dates><isbn>0141-8130</isbn><urls></urls></record></Cite></EndNote>37 and solid-state NMR HYPERLINK \l "_ENREF_34" \o "Van Beek, 2002 #3227"  ADDIN EN.CITE <EndNote><Cite><Author>Van Beek</Author><Year>2002</Year><RecNum>3227</RecNum><DisplayText><style face="superscript">30</style></DisplayText><record><rec-number>3227</rec-number><foreign-keys><key app="EN" db-id="pz95200f3azwraefzp8x5fwarw595zz05awe">3227</key></foreign-keys><ref-type name="Journal Article">17</ref-type><contributors><authors><author>Van Beek, JD</author><author>Hess, S</author><author>Vollrath, F</author><author>Meier, BH</author></authors></contributors><titles><title>The molecular structure of spider dragline silk: folding and orientation of the protein backbone</title><secondary-title>Proceedings of the National Academy of Sciences</secondary-title></titles><periodical><full-title>Proceedings of the National Academy of Sciences</full-title><abbr-1>Proc Natl Acad Sci USA</abbr-1><abbr-2>Proc. Natl Acad. Sci. USA</abbr-2></periodical><pages>10266-10271</pages><volume>99</volume><number>16</number><dates><year>2002</year></dates><isbn>0027-8424</isbn><urls></urls></record></Cite></EndNote>30, to assess the changes in the local structure, chain orientation and order.
In summary, we have observed a unique mechanical behaviour in the torsion of some specimens of spider dragline silk, which adds to its list of outstanding mechanical credentials and poses a challenge to fully explain. This property plays a key role in the function of supporting a hanging spider. It can effectively buffer a disturbance by fast energy absorption upon the initial excitation, which reduces the chance of an abseiling spider attracting predators or startling prey. A variation of oscillation frequency with the excitation twist is also observed. The understanding of the correlation between the torsional properties and the hierarchical organization of the silk proteins may serve as an inspiration for the design of new advanced functional materials with applications in kinetic energy buffering. It is a privilege to address that the relative humidity may plays a role in the torsional behavior as it does in other mechanical features such as supercontraction ADDIN EN.CITE ,. It will be of significance to perform the study at different humidity conditions in future work.

See supplementary material for experimental methods, complementary experimental data, additional figures, and further discussions.
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